Using a combination of vertical transport measurements across and lateral transport measurements along the LaAlO 3 /SrTiO 3 heterointerface, we demonstrate that significant potential barrier lowering and band bending are the cause of interfacial metallicity. Barrier lowering and enhanced band bending extends over 2.5 nm into LaAlO 3 as well as SrTiO 3 . We explain origins of hightemperature carrier saturation, lower carrier concentration, and higher mobility in the sample with the thinnest LaAlO 3 film on a SrTiO 3 substrate. Lateral transport results suggest that parasitic interface scattering centers limit the low-temperature lateral electron mobility of the metallic channel.
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Interfacial phenomena form the basis for modern-day devices and continue to be an exciting area in condensed matter research. The engineering of two-dimensional electron gases and the discovery of new physical phenomena such as the quantum Hall effect [1] have been realized at conventional semiconductor interfaces. Advances in oxide thin-film fabrication have enabled the synthesis of atomically precise oxide interfaces and hence allowed for controlled investigation of interfacial phenomena in these materials. With the rich variety of functionalities exhibited by transition-metal oxides, a wide array of novel properties may be achieved at oxide heterointerfaces. An exemplary study is the discovery of metallicity at the interface of two band insulators, LaAlO 3 (LAO) and SrTiO 3 (STO) [2] , which has stimulated many subsequent experimental [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13] as well as theoretical studies [13, 14, 15, 16] . However, there is still intense debate on the origin of metallicity, specifically whether it arises from electronic reconstruction [2, 3] or oxygen vacancies [8, 9, 11] .
In this Letter, we demonstrate that metallicity observed in our LAO/STO heterostructures can be attributed to potential barrier lowering and band bending at the LAO/STO interface. With vertical transport measurements, we show that the thickness of the metallic region extends to at least several nanometers and is not confined to the order of a unit cell as has been theoretically predicted [14, 15, 16] . We will argue that oxygen vacancies cannot be the sole source of metallicity. Lateral transport measurements of LAO films on STO substrates indicate carrier saturation at high temperatures and higher low-temperature mobility values in the thinnest LAO film, features that we show to be consistent with charge transfer-induced metallicity.
We used pulsed laser deposition to deposit two types of samples: (1) analysis, using a 2Å probe, showed that cation interdiffusion was limited to one unit cell at the LAO/STO heterointerface. interface. Therefore, although the heterointerface is atomically sharp, as seen in Figure 1a , it is not electronically sharp.
In order to probe lateral transport along the interface, four-point van der Pauw sheet resistance and Hall effect measurements were performed on LAO1 to LAO3. Table I (Table I) , telling us that compared to LAO2 and LAO3, there is relatively weaker scattering of carriers by the interface. The similarities in both n S (T)/n S (3K) and µ H (T)/µ H (3K) of LAO2 and LAO3
imply that beyond a certain film thickness, band bending at the interface equilibrates, and show clear carrier freeze-out [18, 19] , which is in stark contrast with the n S (T)/n S (3K) behavior of our samples. Furthermore, conduction through the substrate is at odds with the observation of an insulating p-type interface formed by (AlO 2 ) − and (SrO) 0 planes, reported by Ohtomo and Hwang [2] . We have also deposited homoepitaxial STO films using the same conditions as in LAO1 to LAO3. These samples are too insulating to be measured electrically, thus indicating that the growth conditions in themselves do not cause metallicity in STO substrates. There are a number of mechanisms that may explain our experimental observations. They [24] . It has been predicted that polar LAO surfaces are susceptible to the accumulation of carriers [22, 25, 26] , but to the authors' knowledge, there have not been any reports of n-or p-type metallic conductivity in LAO. Therefore, the holes in LAO are likely to be immobile and act as localized positively charged interface states, i.e.
states above the Fermi level necessary to change the band alignment from Figure 3a to b.
The interface potential barrier is therefore lowered.
The conincident temperature dependence of n S (T)/n S (3K) in LAO1 to LAO3 and the dielectric constant of STO now appears to be linked though interface band bending. However, the dielectric function near the interface is complicated by the strong electric fields, mobile carriers, lattice distortions, and other interfacial effects. Quantitative effects on the dielectric response of the heterointerface are not the focus of our qualitative description.
The apparent carrier saturation in LAO1 supports our claim that the conduction electrons originate from the VB of LAO. In the sample with the thinnest LAO film, the supply of electrons is depleted at high temperatures. Therefore, together with the vertical transport results, we estimate the physical length of band bending in LAO to be between 2.5 and 6.5 nm. We infer that the LAO films in LAO2 and LAO3 are thicker than the equilibrium width of band bending on the LAO side.
In LAO/STO heterostructures, the large concentration of positively charged holes in the LAO side of the interface can strongly scatter electrons in the interfacial channel through Coulomb attraction, thus explaining the comparatively low mobility values of LAO1 to LAO3 (Table I ). In addition, the strain caused by the 3% lattice mismatch between LAO and STO is likely to induce lattice distortions near the interface. Indeed, theoretical calculations have predicted distortions, possibly ferroelectric-like, in STO near the LAO/STO interface [15, 16] . While screening by mobile electrons precludes the prospect of long-range ferroelectric ordering, electric dipoles formed by lattice deformation would dramatically degrade electron mobility. Though intrinsic charge transfer offers a crude form of modulation doping, parasitic interface effects ultimately undermine any potential of mobility enhancement.
We would like to reiterate that other effects relating to interface bonding and/or lattice deformation can induce similar effects in this and related heterostructures. Band offset and bending of the LAO/STO interface warrant further attention before engineering control of this and similar heterostructures can be attained.
In summary, we have shown that there is significant band bending on both sides of the LAO/STO heterointerface. We have concluded that deposition conditions alone cannot cause metallic conductivity in our samples. Our experiments provide strong evidence for band bending, potential barrier lowering and thinning, as well as interfacial metallicity induced by charge transfer. Although intrinsic charge transfer brings about interfacial metallicity, the lack of extrinsic control limits the electron mobility. Patterning of vertical stack heterostructures were performed in the Microlab at University of California, Berkeley. We would like to acknowledge and thank the staff of both facilities for their technical assistance.
